Depth variations of organic and inorganic carbon, total sulfur, and total nitrogen are examined at Ocean Drilling Program Site 857 to evaluate the importance of various sedimentary and diagenetic processes to their origin. Downcore variations of organic carbon are a result of variable input rates and variable rates of turbiditic dilution. A general downcore decrease in organic carbon, particularly below the depth of the contact between sediments and the sediment-sill basement complex (471 mbsf), results from microbial and thermal organic carbon degradation and fractional mobilization. Depth variations of total nitrogen are less pronounced because of the incorporation of ammonia into diagenetic silicate minerals. Inorganic carbon varies inversely with organic carbon throughout much of the sediment column. This results from the precipitation of diagenetic carbonate cements that contain carbon partly derived from an organic carbon source. This inorganic carbon may be of remote or in-situ derivation. Most importantly, sulfur contents and sulfur isotopic compositions of sulfides increase with increasing burial depth. Whereas some fraction of this sulfur originates from early diagenetic sulfate reduction, most of it must originate from the lateral and vertical advection of dissolved sulfide from remote sites of sulfate reduction.
INTRODUCTION
One of the major goals of drilling at Middle Valley is to gain a better understanding of the influence of a thick sediment cover on the nature of hydrothermal fluid circulation and fluid composition at an oceanic spreading center. Ocean Drilling Program (ODP) Site 857 is of particular interest because it is located in a section of Middle Valley where sediment accumulation is rapid and apparently relatively continuous. Other studies published in this volume demonstrate that this site has had a simple prograde thermal history; that is, that sediments have warmed throughout their history (e.g., Davis and Wang, this volume) . These factors make Site 857 a useful location for examining the influence of high heat flux on the diagenesis of a sedimentary sequence.
BACKGROUND AND METHODOLOGY
We studied two holes at Site 857. Hole 857A was hydraulically piston cored to a depth of 112.2 meters below the seafloor (mbsf). The thermal gradient measured in Hole 857 A was about 0.61°C/m (Davis, Mottl, Fisher, et al., 1992) . Hole 857C was offset by approximately 180 m, washed down to 56.5 mbsf, and rotary drilled to a depth of 561.2 mbsf. Mafic sills interbedded with sediments were first encountered at a depth of 471 mbsf. The temperature gradient measured in the upper portion of Hole 857C was about 0.71°C (Davis, Mottl, Fisher, et al., 1992) . It is assumed (e.g., Davis and Wang, this volume) that a maximum temperature of 280°C, equivalent to the temperatures in nearby seafloor vents, is attained at the depth of the permeable basement complex (471 mbsf).
In this chapter we present and discuss measurements of sedimentary organic carbon, sedimentary inorganic carbon, total sedimentary nitrogen, and total sedimentary sulfur. In our discussion, we assume that nitrogen originates as a component of organic matter, but that it may be remineralized and incorporated into diagenetic minerals (see Whelan et al., this volume) . We also assume that sulfur in these sediments is mainly present in the form of metal sulfide minerals. It is possible that some of the sulfur is also present as a sulfate salt (anhydrite, gypsum, celestite, or barite) or as an organosulfur com-pound, but neither of these fractions is considered to be of quantitative importance.
Approximately 90 samples were analyzed for the same constituents aboard ship; those analyses were previously reported (Davis, Mottl, Fisher, et al., 1992, Table 15, pp. 344-345) . We have analyzed an additional 97 samples in this study. Our samples were deliberately taken from finer-grained lithologies.
Measurement techniques in our study are similar to those used in the shipboard study (Davis, Mottl, Fisher, et al., 1992, p. 76) . Unrinsed samples were ground and weighed into tin boats with the addition of vanadium pentoxide. Total carbon, nitrogen, and sulfur were determined by combustion, gas chromatographic separation, and thermal conductivity detection using a Carlo Erba NA 1500 CNS analyzer. Most samples were run in triplicate. The mean relative error was 1.7%, 9.7%, and 4.0% for carbon, nitrogen, and sulfur, respectively.
We determined inorganic carbon by leaching a separate weighed fraction of the powdered sample in buffered ammonium acetate-acetic acid (pH = 5.5) for a duration of about 1 hr. An aliquot of centrifuged solution was diluted, and calcium was determined by flame atomic absorption spectrophotometry. Inorganic carbon was determined by assuming that all the dissolved calcium was originally, present as CaCO 3 (X-ray diffraction analyses reveal that no other carbonate minerals and no calcium sulfate salts are present in detectable quantities in these samples). This method yielded reasonable precisions (the mean relative error was 6.0%) at low inorganic carbon contents. The shipboard inorganic carbon measurements were made coulometrically. Organic carbon was determined in both cases as the difference between total carbon and inorganic carbon. In a few samples, determined values of inorganic carbon exceeded determined values of total carbon. For these samples, organic carbon was assumed to be zero.
RESULTS AND DISCUSSION
Results of our analyses are presented in Table 1 and in Figures 1 through 7. The figures combine shipboard data from Holes 857A and 857C with data determined in this study. There is generally good agreement between our data and the shipboard data. Hole 857A has had a somewhat different diagenetic history than Hole 857C as a result of the slightly higher heat flow at Hole 857C; nevertheless, we include the data from Hole 857A in our figures to span the uncored interval at the top of Hole 857C. Organic carbon (Fig. 1) is highest in near-surface, hemipelagic sediments and decreases with increasing burial depth to an apparent minimum around 200 mbsf. Higher values are observed in the dark gray (N4/) silty claystones that predominate near 350 mbsf.
Finally, a dramatic decrease is found in the lowest section of the sediment column and in sediments interbedded with sills. This decrease was noted previously (Davis, Mottl, Fisher, et al , 1992, p. 326) , although our data suggest that the decrease actually occurs well above the depth of the first sill at 471 mbsf.
Inorganic carbon (Fig. 2) is variable, but is relatively high in the upper 100 m of sediment. It decreases with increasing depth to an apparent minimum around 250 mbsf, increases to maximum values between 350 and 400 mbsf, and plummets to lower values at greater depths. The mid-depth maximum is manifested by abundant carbonate cement and by unusually good preservation of calcareous microfossils (Davis, Mottl, Fisher, et al., 1992, pp. 300 and 303) . This maximum can reasonably be explained as a change in the original content of inorganic carbon in the sediments reaching the seafloor. Because the observed values closely resemble those in sediments from the Holocene and Interglacial Stage 5 (approximately 40 mbsf, Brunner, this volume), we propose that the interval from 350 to 400 mbsf represents Interglacial Stage 7 (approximately 200 to 250 Ka; Morley and Hays, 1981) .
Total nitrogen (Fig. 3) shows little apparent systematic variation with burial depth. The exponential decrease of nitrogen with depth near the top of Hole 857C, cited in Davis, Mottl, Fisher, et al. (1992, p. 326) , is not borne out by our work. The average molar ratio of organic carbon to total nitrogen is about 7.6, surprisingly close to the Redfield ratio of 7.0. The observed ratio tends to decrease with increasing burial depth below about 350 mbsf. This may be a reflection of the thermal degradation of organic matter downhole (decreasing organic carbon) and the incorporation of ammonia into diagenetic mineral phases (see Whelan et al., this volume) .
Total sulfur (Fig. 4) is highly variable in near-surface sediments, is relatively low over an intermediate depth range, but increases rather systematically with increasing burial depth below 100 mbsf. This increase is significant in all the data from Hole 857C (r = 0.261, n = 100, significant at the 0.01 level). Total sulfur shows no systematic relationship with sedimentary organic carbon content (Fig. 5) . In Hole 857C there is a tendency (r = 0.209, n = 100, significant at the 0.05 level) for the ratio (organic carbon)/(total sulfur) to decrease with increasing burial depth (Fig. 6) .
The diagenetic reaction of most interest to this study, because it links the chemistry of carbon and sulfur, is sulfate reduction, simply written:
2CH
+ H,S.
(1)
This reaction may be microbially mediated up to about 100°C (Brock and Madigan, 1991) or thermally catalyzed (abiogenically) at temperatures greater than 100°C (e.g., Krouse et al., 1988) . The reaction has many consequences for diagenesis, including the following: (1) It is one of the two most important reactions for oxidation of organic matterin marine sediments (e.g., Jorgensen, 1982) . (2) 
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of organic carbon oxidized, one-half mole of sulfide is produced and dominantly precipitated as pyrite. Thus, in many marine sediments there is a correlation between organic carbon and pyrite-sulfur contents (e.g., Berner and Raiswell, 1983) . (3) The dissolved carbon dioxide resulting from organic carbon oxidation may be incorporated into diagenetic carbonates with distinctive stable carbon isotopic compositions (e.g., Baker et al., this volume).
Under some circumstances, methane (or other short-chained hydrocarbon compounds) may serve as the reduced carbon source (e.g., Alperin and Reeburgh, 1984) :
and sulfate reduction can result even when the in-situ organic matter is not readily metabolizable. Likewise, solid sulfate salts such as anhydrite can serve as a sedimentary source of oxidized sulfur if dissolved sulfate is depleted. Reasonable interpretations for the downhole increase of sulfur observed in Hole 857C (Fig. 4) are (1) addition of sulfur to the sediments occurred during deep burial, (2) the amount of early diagenetic sulfide formed in shallow sediments by microbial sulfate reduction decreased through time or, (3) the amount of dilutant sediment reaching the seafloor increased through time (that is, early sulfide formation rates remained constant but sedimentation rates increased). Because it is likely in these organic-lean sediments that pyrite formation is subject to the limited availability of metabolizable organic matter (rather than the availability of labile iron or of dissolved sulfate), interpretation (2) would require a decrease through time in the input of organic carbon to the sediments. Although we favor the first interpretation, the addition of sulfur to the sediments during deep burial cannot be due to steady-state, in-situ sulfate reduction processes, as present-day dissolved sulfate concentration gradients (Davis, Mottl, Fisher, et al., 1992, p. 334) indicate that sulfate reduction rates below a few meters below seafloor are two orders of magnitude too slow to account for the observed increase. Furthermore, anhydrite and barite have only been observed to occur (in minor abundance) over a depth range of about 70 to 150 mbsf (Davis, Mottl, Fisher, et al., 1992, p. 298) , so they cannot be called on to affect deeper processes. Rather, we believe that the downhole addition of sulfur is caused by sulfate reduction at a remote setting and the import of dissolved sulfide by interstitial fluids advecting laterally through the permeable sill-sediment basement complex and advecting vertically through faults, fractures, and small-scale burrows (see Rigsby et al., this volume) . One important aspect of this scenario is the physical separation of the site(s) of sulfate reduction and organic carbon oxidation from the site of sulfide precipitation. Such a system, operating on a grander scale, may have been responsible for the formation of the massive sulfide body penetrated by Holes 856G and 856H. The strongest evidence in favor of this interpretation is the sulfur isotopic data presented by Zierenberg (this volume). At Site 857 he observed negative sulfur isotopic values in pyrites from shallow burial depths (less than 70 mbsf) and a progressive increase in sulfur isotopic values to an average of δ 34 S = +9.3‰ below 471 mbsf (the sediment/basement contact).
A significant inverse correlation exists between inorganic-carbon and organic-carbon contents of the sediments in Hole 857C (Fig. 7 , r = 0.455, n = 127, significant at the 0.01 level). Most exceptions are samples from shallow depths (organic carbon-and inorganic carbonrich hemipelagic sediments of Holocene age) and samples from basement (organic carbon-and inorganic carbon-poor sediments that have been strongly heated during hydrothermal alteration). Stable isotopic data indicate that over one-half of the carbon in calcites from Hole 857C is of organic origin (Baker et al., this volume). On average, these Depth (m) Figure 6 . Organic carbon-to-total sulfur weight ratio vs. burial depth for all samples from Holes 857A and 857C. Symbols as in Figure 1 .
sediments contain about 0.15 weight percent (wt%) inorganic carbon. Assuming that half is of organic origin formed by oxidation during sulfate reduction, we calculate from the stoichiometry of sulfate reduction assumed above that as much as 0.20 wt% of sulfide-sulfur was produced by sulfate reduction (assuming quantitative precipitation). Because this is close to the observed average sulfur content of the sediments, it is likely that in-situ sulfate reduction near the sediment-water interface also played an important role in the origin of some fraction of the sedimentary sulfides.
CONCLUSIONS
1. Organic carbon contents of the sediments at Site 857 vary as a result of variable sedimentary input rate and turbiditic dilution rate, microbially-mediated reactions, and thermal degradation.
2. Inorganic carbon contents vary as a result of variable sedimentary input rates and turbiditic dilution rates. Highest carbonate contents are found in fine-grained intervals, possibly deposited in interglacial Stages 1,5, and 7. About half of the carbonate found in sediments below 100 mbsf is of organic-carbon origin, having formed as a result of in-situ or remote sulfate reduction or thermocatalytic decarboxylation.
3. The sulfur contents of the sediments, although of probable sulfate-reduction origin, show little systematic relationship with associated organic carbon contents. The sulfur contents and the sulfur isotopic compositions of the sulfides (Zierenberg, this volume) increase with burial depth. This is interpreted to result from sulfate reduction at remote sites and the import of dissolved sulfide to the sediments from hydrothermal fluids advecting through basement. The locus of the sulfate reduction and the pathways that sulfide-bearing fluids follow to this site are important, still unsolved, problems.
